INTRODUCTION {#sec1-1}
============

The incidence of drug-resistant infections is increasing throughout the world, leading the World Health Organization to declare antibiotic resistance as one of the top three greatest threats to humans.\[[@ref1]\] Unfortunately, there are few pharmaceuticals in the pipeline that will effectively treat infections caused by pathogens responsible for the majority of hospital-acquired infections in the US.\[[@ref2]--[@ref3]\] Studies have demonstrated that appropriate empiric antibiotic therapy is associated with improved outcomes in critically ill patients.\[[@ref4]--[@ref6]\] In the intensive care unit (ICU), it is recommended that empiric antibiotic choices should be determined based on numerous factors including local antibiotic susceptibilities and prevalence of resistant organisms.\[[@ref7]--[@ref9]\] Consequently, aminoglycosides are commonly used in many ICUs, especially if resistant gram-negative infections are suspected.\[[@ref10]--[@ref13]\]

One the most deleterious adverse effects of aminoglycosides is nephrotoxicity.\[[@ref14]\] The classic presentation of aminoglycoside-associated nephrotoxicity (AAN) is nonoliguric acute kidney insufficiency (AKI) occurring between 7 and 10 days after the initiation of therapy.\[[@ref14][@ref15]\] Known risk factors for the development of AAN include intravascular volume depletion, sepsis, pre-existing renal insufficiency, length of therapy, advanced age, liver dysfunction and concomitant use of other nephrotoxic drugs.\[[@ref14][@ref16]\] A recent study of 360 critically ill patients who received 4 or more days of antibiotics was conducted to assess the prevalence of aminoglycoside-associated AKI and determine the risk factors. AAN was defined as a decrease in calculated glomerular filtration rate (GFR) of 20% or more using the abbreviated modification of diet in renal insufficiency formula and excluding patients with impaired (\<30 mL/min/1.73 m^2^) baseline GFR.\[[@ref14]\] The overall incidence of AAN in that study was 58% and it developed after a mean of 6.7 days of aminoglycoside therapy. The authors concluded that diabetes mellitus, hypotension, concurrent use of other nephrotoxins or intravenous contrast were independent risk factors for AAN, while baseline renal insufficiency (estimated GFR) between 60 and 30 mL/min/1.73 m^2^ seemed to be protective. This article has been criticized because the inclusion criteria of 4 or more days of aminoglycosides may not accurately reflect aminoglycoside utilization, as patients typically receive empiric treatment for a short duration until culture data are collected.\[[@ref12]\]

In our surgical ICU (SICU), aminoglycosides are often used empirically to treat suspected healthcare-acquired infections based on local susceptibility patterns. These broad-spectrum, multi-antibiotic, aminoglycoside-containing regimens are then quickly de-escalated to minimize the risks of AAN. The purpose of this study was to assess the prevalence of AAN in our SICU and to help identify pharmaceutical agents that can potentially exacerbate AAN when co-administered with aminoglycosides.

MATERIALS AND METHODS {#sec1-2}
=====================

A retrospective review was performed after obtaining approval from the Institutional Review Board. Adult patients (age \> 18 years) admitted to our 44-bed SICU at The Ohio State University Medical Center, receiving aminoglycosides (amikacin, gentamicin or tobramycin) between July 2004 and June 2008, were identified from an existing creatinine clearance database.\[[@ref17]\] Patients with steady-state aminoglycoside concentration measurements using 24-hour urine collection (±2 days of serum aminoglycoside concentrations) and albumin assessment (±7 days of serum aminoglycoside concentration) were included. Pregnant women, prisoners and patients receiving dialysis at the time of initiation of aminoglycoside therapy were excluded.

Other clinical data collected included demographics (age, gender, weight, height), laboratory values (blood urea nitrogen or BUN, serum creatinine, albumin, aminoglycoside concentrations), concurrent use of known nephrotoxic medications \[amphotericin B, angiotensin converting enzyme (ACE) inhibitors, angiotensin receptor blockers, cyclosporine, diuretic agents, non-steroidal anti-inflammatory drugs (NSAIDs), tacrolimus, vancomycin, and vasopressors\], intravenous iodinated contrast exposure within 5 days of aminoglycoside therapy and need for new-onset dialysis (intermittent hemodialysis or continuous renal replacement therapy). AAN was defined using the recently published vancomycin therapeutic guidelines as an increase in serum creatinine by more than 0.5 mg/dL on two consecutive days from baseline or more than a 50% increase in serum creatinine.\[[@ref18]\] Those who developed AAN were classified by the Acute Kidney Injury Network criteria.\[[@ref19]--[@ref20]\]

Data were presented as mean ± standard deviation. Univariate and multiple logistic regression analyses were performed using SPSS for Windows (SPSS, Inc., Chicago, IL, USA) to determine the risk for AAN. Stastistical significance was set at α \< 0.05 and pertinent statistical results were presented in the format of odds ratio (OR) with 95% confidence interval (CI).

RESULTS {#sec1-3}
=======

A total of sixty-one patients (43 or 70.5% males, mean age 58.7 ± 15.7 years) were analyzed. The patients had a mean weight of 83.3 ± 24.2 kg, mean body surface area of 1.95 ± 0.26 m^2^, baseline serum creatinine of 0.90 ± 0.50 mg/dL and mean albumin of 1.7 ± 0.4 mg/dL. Aminoglycosides administered included tobramycin (96.7% patients) and amikacin (3.3% patients), with a mean duration of 4.0 ± 2.3 days. The GFR estimated by steady-state aminoglycoside pharmacokinetics (52.5 ± 30.8 mL/min/1.73 m^2^) was significantly lower than the GFR estimated by the modification of diet in renal disease formula (112.1 ± 65.3 mL/min/1.73 m^2^, *P* \< 0.001) or the modified Crockroft-Gualt formula (96.6 ± 57.0 mL/min/1.73 m ^2^, *P* \< 0.001).

Overall, 31/61 patients (51%) received at least one concomitant known nephrotoxin. Among these patients, 20 received one concomitant nephrotoxin, 6 received two concomitant nephrotoxins, 4 received three, and 1 patient received four concomitant nephrotoxins. Among the 31 patients who received nephrotoxins, 7 (22.6%) developed AAN, with 4/31 patients (12.9%) ultimately requiring dialysis.

The most commonly used concomitant nephrotoxins included intravenous iodinated contrast (17/31 patients), followed by vasopressors (9/31), intravenous vancomycin (7/31) and diuretics (6/31). [Table 1](#T1){ref-type="table"} for more detailed information on nephrotoxin administration patterns. When compared to patients without AAN, all patients who developed AAN were on at least one concomitant nephrotoxin (22.8% in AAN group vs. 0% in non-AAN group, *P* = 0.011). Of note, the incidence of AAN increased as the number of concomitant nephrotoxins increased \[[Figure 1](#F1){ref-type="fig"} and [Table 2](#T2){ref-type="table"}\]. In univariate analysis, patients who developed AAN were more likely to have received concurrent vasopressors (42.9% vs. 9.3%, *P* = 0.042) and intravenous vancomycin (57.1% vs. 5.6%, *P* = 0.020). Subsequent multivariate analyses confirmed these observations, with concurrent use of vasopressors (OR 19.9, 95% CI: 1.6--245, *P* = 0.019) or vancomycin (OR 49.8, 95% CI: 4.1--602, *P* = 0.002), both being independent predictors of AAN.
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DISCUSSION {#sec1-4}
==========

In this study, the rate of AAN was 11.5%, but the majority of these patients required dialysis with an overall rate of 6.6%. The rate of AAN reported in clinical studies varies widely depending of the characteristics of the patient population and the definition for AAN, with an incidence between 10 and 25% in most studies.\[[@ref14]\] The incidence of AAN in critically ill patients has been reported to be higher between 29 and 58%.\[[@ref14][@ref21]\] The rate of AAN may by higher in critically ill patients since they are more likely to experience ischemic episodes which enhance aminoglycoside accumulation in the proximal tubes and in turn interfere with energy production, increasing the risk of AKI during the ischemic episode.\[[@ref14][@ref22][@ref23]\] However, in the current study, the rate of AAN was lower than that previously reported in ICU patients.\[[@ref14][@ref21]\]

There are currently no uniform criteria for the definition of AAN. Some studies have used increases in serum creatinine, while others use decreases in creatinine clearance estimated by various formulas to define AAN. The definition of nephrotoxicity in the Schentag study was an increase in serum creatinine by 0.5 mg/dL or more over baseline.\[[@ref21]\] In the Oliveira study, the definition of was a 20% decrease in estimated GFR using the abbreviated modification of diet in renal formula from baseline.\[[@ref14]\] The authors admit that this formula as well as other commonly used estimations of GFR (i.e., Crockroft--Gault or modification of diet in renal disease) have not been validated in the critically ill, and these formulae may not apply to patients with oliguria or anuria.\[[@ref14][@ref19]\] In fact, more patients with a baseline estimated GFR \>60 mL/min/1.73 m^2^developed AKI (61%) than those with an estimated GFR between 60 and 30 mL/min/1.73 m^2^(49.5%, *P* = 0.044) which seems counterintuitive.\[[@ref14]\] Estimation of GFR by aminoglycoside concentrations or Crockroft--Gault in critically ill patients has been demonstrated to have less error than other methods.\[[@ref24][@ref25]\] In our study, the estimated GFR was significantly lower when calculated by aminoglycoside pharmacokinetics compared with the modification of diet in renal disease formula or Crockroft-Gault. We used the recently published vancomycin therapeutic guidelines definition of an increase in serum creatinine by more than 0.5 mg/dL or a greater than 50% increase in serum creatinine for at least two consecutive days as our definition for AAN.\[[@ref18]\] To us this seems more concrete and may explain why Oliveira and colleagues found baseline renal insufficiency as protective.

It is very interesting that only aminoglycoside recipients receiving concomitant nephrotoxins developed AAN, and further that only vancomycin and vasopressors were independent predictors of AAN. This was despite the fact that over half of them received nephrotoxins. Importantly, it appears that as the number of concomitant nephrotoxins increased, so did the rates of AAN \[[Table 2](#T2){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}\]. All patients sustaining AAN while receiving aminoglycosides and vancomycin also received intravenous iodinated contrast, making it difficult to determine if the combination of vancomycin and aminoglycoside is a particular risk.

A possible reason for why the rate of AAN was low in this study may be the fact that aminoglycosides were used for a relatively short duration. As is the practice in our ICU, aminoglycosides are used initially as empiric therapy due to sensitivity patterns but typically discontinued when culture results are available due to the risk of AKI. In our study, the mean duration of aminoglycosides was 4.0 ± 2.3 days. The Oliveira study only included patients who received aminoglycosides for at least 4 days and the mean duration of aminoglycoside was much longer (9.4 ± 4.6 days) than in our study for those who developed AAN and was 9.9 ± 4.4 days for those who did not develop AAN.\[[@ref12][@ref14]\] Schentag and colleagues stated that shorter duration of treatment with aminoglycosides (less than 5 days) was less frequently nephrotoxic.\[[@ref21]\] The longer duration of therapy may have contributed to the increased incidence in AAN and suggests that early de-escalation of aminoglycosides may minimize the risk for AAN.

This study has several limitations. Because of its retrospective nature and small sample size, it may be insufficiently powered to detect minor (but important) differences between groups, especially the influence of multiple concomitant nephrotoxic agents. During the time of this study, aminoglycosides were being dosed by conventional dosing, not as extended interval dosing and the rate of AAN may be influenced by this practice. Finally, this study was conducted in a single SICU and the results may not be applicable to other critically ill patients.

CONCLUSIONS {#sec1-5}
===========

In this study of critically ill surgical patients, empiric use of aminoglycosides was associated with low rates of AAN (11.5%). When used without other nephrotoxins, the rate of AAN was negligible; but when aminoglycosides were combined with other nephrotoxins, the incidence of AAN increased with the number of concomitant nephrotoxins. The risk-benefit profile of concurrent aminoglycoside and nephrotoxin use must be carefully weighed before institution of such therapeutic combinations and continuously re-evaluated during aminoglycoside therapy. Further studies are needed to determine the rate of AKI with increasing numbers of concurrent nephrotoxins.
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